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 Milk proteins (more specifically whey proteins) typically are the primary component of 
milk replacers (MR) and have been considered to be the gold standard for calves, because the 
lack of anti-nutritional factors and high digestibility that allows for growth rate similar to that of 
a calf consuming its mother’s milk.  Milk replacers containing whey protein, although more cost-
effective than whole milk, still represent a substantial cost for producers raising calves.  
Alternative protein sources have been in the forefront of research on MR for many years in the 
search for more cost-effective feeds for calves. In particular, a blend of bovine plasma protein 
(PP) and modified wheat protein might be a good replacement for some of the whey protein. 
Usually, MR is fed twice daily, but some recent research has indicated that feeding three times 
daily might increase efficiency of calf’s nutrient use. Feeding three times daily might be even 
more beneficial for MR containing alternate proteins such as bovine plasma and wheat. 
Therefore, the objective of this experiment was to determine the effects of two MR, containing 
either entirely whey protein or a combination of whey protein, bovine PP, and modified wheat 
protein, when fed either two or three times daily on calf growth, development, and health of 
dairy calves. 
 Female and male Holstein calves (n = 103) were studied for the first 63 d of life, with 
additional measurements obtained at wk 12 of life. The two MR were formulated to contain 25% 
CP, 17% fat, and a Lys: Met ratio of 3.1:1.  Individual treatments arising from the 2 × 2 factorial 
arrangement of MR formulation and frequency of feeding were as follows: 2XCON = control all 
milk protein MR, fed two times daily; 2XWBP = MR containing whey protein plus modified 
wheat and bovine PP, fed two times daily; 3XCON = control all milk protein MR, fed three 
times daily; and 3XWBP = MR containing whey protein plus modified wheat and bovine PP, fed 
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three times daily.  Following colostrum consumption, calves were fed MR (12.5% solids) at rates 
of dry matter (DM) dependent upon age. During the first 2 d after birth all calves were fed a 
baseline MR (Excelerate, Milk Specialties Global Animal Nutrition) at 0.52 kg/d (DM basis), 
divided into two or three feedings daily according to treatment assignment.  Treatment MR then 
were fed in the following daily amounts of MR (DM basis): d 3 to 10 = 0.52 kg/d (2X = 0.259 
kg, 3X = 0.173 kg per feeding); d 11 to 20 = 0.68 kg/d (2X = 0.341 kg, 3X = 0.227 kg per 
feeding); d 21 to 42 = 0.84 kg/d (2X = 0.42 kg, 3X = 0.28 kg; d 43 to 46, 47, 49, and 51 = 0.42 
kg/d, with both 2X and 3X changed to one feeding daily with skip days (d 48 and 50) in-between 
where calves were not given MR; and on d 52 calves were weaned.  Starter was fed from d 1 
until d 63.  Intakes, health scores, attitude scores, and fecal scores were measured daily.  Body 
weight and growth measurements were obtained weekly.  Blood samples were obtained at 0, 24, 
and 48 h and then on d 5, 14, 28, and 42 of age. 
During wk 1 to 4, calves fed 3XWBP consumed the lowest amount of MR (663 g/d) on 
average compared with calves fed 2XCON, 3XCON, and 2XWBP (667, 665, and 665 g/d, 
respectively) because calves fed 3XWBP had greater refusals than their counterparts.  For wk 5 
to 8, calves fed 3XWBP had the lowest MR consumption (549 g/d) when compared to the other 
three treatments that had equal consumption on average (551 g/d) for the same reason. As 
designed, there were no differences in MR intake for wk 6, 7, and 8 among treatments.  Starter 
intake was higher (P = 0.03) for calves fed WBP versus CON, particularly in wk 8 and 9.  There 
was a tendency (P = 0.06) for final BW at d 56 to be greater (+3.9 kg) for calves fed WBP than 
for calves fed CON.  Calves fed WBP gained more BW than calves fed CON, from d 56 (wk 8) 
to d 84 (wk 12).  For all ADG measurements there was no significant difference (P > 0.10) due 
to diet, frequency, or their interaction.  For feed efficiency (gain:feed), the interaction of diet and 
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frequency was significant (P = 0.01), where treatment 2XCON had the highest efficiency. The 
MR by frequency interaction also was significant (P = 0.04) for hip width, with the 3XWBP 
calves having the greatest hip width. All other growth measurements were not significantly 
different (P > 0.10) for the main effects, with the exception of body length for which 2X calves 
were greater (P = 0.01).  There were several significant differences or tendencies according to 
main effects of diet and frequency for all blood variables except total globulin and BHBA.  
Scours occurred at a higher frequency for calves fed diet CON versus those fed WBP, and was 
greater for 2X versus 3X.  Respiratory and attitude score did not (P > 0.10) differ among 
treatments.  However, there was a greater rectal temperature variation for calves fed 2X versus 
those fed 3X.  Overall calves fed WBP had increased starter intake and greater BW gains later in 
the study than calves fed CON; however, the only apparent advantage to feeding 3X versus 2X 
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CHAPTER 1. LITERATURE REVIEW 
INTRODUCTION 
 Dairy calves have fundamental nutrition requirements that need to be met in order to 
establish healthy growth throughout the maturation of calves into adulthood. One of the 
quintessential times during this process occurs during the pre-weaning stage when accurate and 
monitored feeding of colostrum, milk replacer (MR), and starter is key. These are some of the 
building blocks of proper calf nutrition that will help create the desired calf growth outputs while 
increasing feed efficiency, aiding in disease prevention, and utilizing less costly dietary 
ingredients.  Creating the desired calf feeding regimen requires many other variable components 
that are addressed in greater detail throughout this review. The importance of creating the proper 
balance between the components of colostrum, MR, and overall nutrition of the growing dairy 
calf is discussed. 
   First, this review discusses the effects of overall nutrition on the growing calf.  
Subsections of this topic focus on the transition of calves from pre-weaning, preruminant 
digestion to the development of the rumen and fermentation through the use of starter, proper 
housing and bedding methods, and their effect on calf health and growth.   
 Second, the role of colostrum as the foundation for a healthy start in the growth of a 
neonatal calf is discussed.  Subsections of this topic include the importance of measuring 
immunoglobulin G (IgG) concentrations and their impact on calf development, the proper 
ingestion volume and quantity, and the potential frequencies of colostrum feeding. 
Finally, the remaining section discusses the importance of MR as the next step in dairy 
calf development. Subsections of the MR topic include the various types of MR, including 




Digestion and Rumen Development 
The growing calf must go through three phases of digestive development throughout its 
life in order for the rumen to function as the primary utilization site of the digestive tract in 
adulthood.  These three phases are 1) the pre-ruminant phase, in which the calf has not yet begun 
to consume solids and relies solely on the nutrients consumed in the initial colostrum and 
continually administered milk or MR; 2) the transitional (milk and solids) phase, in which the 
calf begins to consume starter to initiate fermentation and reticulorumen development while still 
consuming quantities of milk or MR; and 3) the ruminant phase, which remains throughout the 
rest of adult life and develops according to consumption of solid starters in the transition phase 
(Drackley, 2008; Glosson, 2014; Morrison et. al, 2017). 
Digestion in the abomasum and intestinal tract is key during the pre-weaning stage of 
development as it is the only means of obtaining nutrients and energy prior to consuming solid 
feeds (Sandoval, 2014).  Esophageal groove closure occurs once the calf begins to suckle to help 
ensure that the liquid feed they are consuming gets into the abomasum. If fed milk or MR 
containing casein, the casein forms a curd after reacting with the abomasal enzyme, rennin.  
Pregastric esterases initiate the digestion of milk fats in the abomasum. There are at least six 
different enzymes that are classified as pregastric esterases, which are secreted from regions in 
the mouth known as the glosso-epiglottis that are stimulated by the suckling motion of the calf 
while nursing (Moreau et al., 1988). Casein begins to be digested in the abomasum by pepsin. 
Protein, fats, and lactose are digested in the small intestine and the resulting nutrients are 
absorbed there.   
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In contrast, the transitional stage is affected by the consumption of starter.  During this 
stage starter consumption begins to increase and the fermentation of its carbohydrates and 
proteins results in formation of butyric acid and propionic acid, two of the three main volatile 
fatty acids. Of these, butyrate most affects rumen development, papillae growth, and rumen pH 
stabilization for success of microbial growth within the rumen (Drackley, 2008; Glosson, 2014). 
Calf Growth 
 Calves in the pre-weaning stage display growth primarily in the accumulation of new 
skeletal and muscular tissues through protein deposition, along with marginal fat deposition.   
Doubling in body weight by 8 wk from birth is a commonly used standard (NRC, 2001).  
According to the most recent NRC (2001), for every kilogram of body weight (BW) gain, 250 to 
280 g of dietary crude protein (CP) are needed.  The growth of calves, although regulated by 
many growth factors and hormones, depends heavily on the daily intake of protein and energy in 
the correct ratio in MR.  There is a parallel relationship between the increased need for protein 
and the calf’s ability to grow with advancing age, which means that MR with increased amounts 
of CP, such as 25 to 27%, are more favorable, especially when considering alternative protein 
sources (Hill et al., 2009; Lorenz et al., 2011).  Modified wheat protein in MR has been shown to 
decrease growth rate (by 15 to 30%) when compared to all-milk protein MR (Drackley, 2008).  
Inclusion of animal plasma protein (PP) in MR, on the other hand, has been determined to allow 
similar or improved growth performance when compared to all-milk protein MR (Quigley et al., 
1996; Quigley et al., 2002; Drackley, 2008; Morrison et al., 2017). 
Variations in weather also impact nutrient requirements for growth, as colder weather 
requires a higher intake of energy to be consumed (NRC, 2001).  Calves less than 21 d of age 
have a thermoneutral zone of 15 to 25°C, which drops to 5°C after 21 d of age due to the 
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increased body fat and hair coat density (Drackley, 2008); this thermoneutral zone is greatly 
determined by the effective ambient temperature of the region in which the calves live 
(Sandoval, 2014). 
Types of Starter 
 Introduction of calf starter early in life is crucial to adequate reticulorumen development; 
however, this also depends on the type of starter provided.  Calf starters are usually grain-based 
but have many variations in form from pelleted to texturized blends. When considering a calf 
starter, some degree of “scratch factor” needs to be included to stimulate rumen development and 
growth in papillae, as well as to aid development of the microbial populations and increasing 
absorptive function (Heinrichs et al., 2005).  Calves should not be weaned until they are 
consuming at least 1 kg/d of starter to help avoid growth deficits around the time of weaning 
(Drackley, 2008).   
 Calf starter consumption can be greatly impacted by the amount of milk or MR consumed 
prior to weaning.  Greater amounts of MR fed (so-called accelerated or enhanced feeding 
programs) will increase growth rate but decrease starter consumption until MR is reduced 
(Drackley, 2008; Osorio et al., 2011). Conversely, conventional feeding of MR in limited 
amounts was favored over enhanced calf feeding according to Terré et al. (2007), as the calves 
from the enhanced program experienced inadequate starter digestion when no stepwise weaning 
protocol was utilized. Higher percentages of CP in calf starter are needed in calf starters where 
higher CP MR were previously fed to continue the same CP intake and allow for continued 





Housing and Bedding Effects  
 Calf hutches are a popular type of housing that is used both in research facilities and 
commercial farms.  Use in research is advantageous due to the individual data collection 
potential. Calf hutches can be made of a variety of materials ranging from wood to plastic.  
Straw bedding combined with hutches is an effective means of keeping calves warm in the 
winter, especially when larger quantities of straw are added to allow for nesting behavior.  
According to Panivivat et al. (2004), calves housed on long wheat straw bedding had the fewest 
antibiotic treatments administered when compared to other bedding of granite fines, sand, rice 
hulls, or wood shavings.  The long wheat straw was also considered to be one of the cleanest 
bedding materials along with rice hulls and wood shavings.  In a study conducted by Hill et al. 
(2011), calves bedded with straw had improved weight gain versus sand bedding; however, 
nursery pens were found to have a more positive impact on weight gain than hutches.    
Heat and cold stress are important factors to consider when using hutches, as younger 
calves will be more susceptible to these stressors. It is important to have clean, dry, and 
adequately bedded housing to minimize stressors (Broadwater, 2010; Sandoval, 2014).  Along 
with ventilation doors, shade over calf hutches provides benefit to combat the hot weather in the 
summer and prevent potential ammonia buildup inside the calf hutch (Drackley 2008). 
 
COLOSTRUM 
IgG Content and its Impact 
The quality of colostrum, which refers to its immunoglobulin content, fed to newborn 
calves has been studied for many years. Colostrum quality studies have shown that there is a 
positive correlation between amounts of colostrum fed and growth rates and health of calves 
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(Marnila and Korhonen, 2011). More specifically, a key component of colostrum that provides 
much of this response is immunoglobulin G (IgG). Accurate measurements of IgG content in 
colostrum requires laboratory tests such as enzyme-linked immunosorbent assay (ELISA) or 
radial immunodiffusion (RID) tests.  On-farm estimates of colostrum quality can be obtained 
through the use of a colostrometer (hydrometer) or a Brix® refractometer, with desired values 
being >50 mg/mL of IgG for the colostrometer and >22% for the Brix® refractometer (Quigley 
et al., 2013).  This means that the colostrum is high quality, and should invoke activation of 
immune system development from the calf after consumption.  Because IgG and other antibodies 
do not cross the placenta in the bovine, the maternal supply of IgG in colostrum provides these 
antibodies to the calf for immune protection against pathogens.  Colostrum serves as the 
“jumpstart” to activate the newborn calf’s ability to start making its own immunoglobulins, 
which occurs at an average rate of ~1 g/IgG/d from 36 h after birth until about 3 wk of age 
(Devery et al., 1979).  Maternal immunoglobulins can be found in the calves’ small intestine 
through re-secretion from the blood after they have been absorbed when colostrum was first 
consumed.  
Colostrum Feeding – Quality, Quantity & Frequency 
 Giving a neonatal calf a suitable amount of high-quality colostrum soon after birth is 
crucial for the best chance of early survival.  In addition to the maternal IgG that are obtained 
through the colostrum, other substances in colostrum may contribute to this effect.  Some other 
key elements of colostrum include insulin and insulin-like growth factors (IGF-I and IGF-II), 
which were reported to be significantly higher in calves fed colostrum versus calves that were 
given MR after birth instead of colostrum (Hammon and Blum, 2002).  Bioactive factors in 
colostrum, such as IGF and their corresponding binding proteins, have been found to have 
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regulatory functions in neonatal calves that cannot be duplicated by simply feeding the IGF on 
its own.  Some of these regulatory functions include the stimulation of proliferation and 
increased villi size in the small intestine (Blum and Baumrucker, 2002) and providing a source of 
β-carotene and Vitamin A for disease prevention and enhanced immune system effectiveness 
(Chew, 1987).  
Providing these important components in the right quantity is essential for increased 
chances of the calf’s growth and survival.  It is recommended that a total amount of at least 3.8 L 
of high quality colostrum be given to a calf as soon as possible after birth (Beam et al., 2009).  A 
larger quantity of lower quality colostrum would need to be fed to obtain the desired uptake of 
IgG and other essential components (Godden, 2008). The target amount of colostrum can be fed 
in one or more increments depending on colostrum availability and desired feeding schedule, 
with a minimum of 2 to 3 L being administered during the first feeding (Heinrichs and Jones, 
2003).  Multiple colostrum feedings are more beneficial for the calf overall as it provides longer-
term exposure to the beneficial components of maternal colostrum.   
Obtaining sufficient amounts of IgG and other substances is dependent upon the amount, 
quality, and the time from birth to colostrum feeding, which must not be greater than 24 h to 
allow for passive transfer of immunoglobulins (Godden 2008). In addition, an extended time 
before first colostrum feeding after birth will result in low concentrations of the previously 
mentioned factors along with negative effects on essential amino acids (EAA), fatty acids, and 
glutamine to glutamate ratios (Blum and Baumrucker, 2002).  Passive transfer is considered 
successful when the serum or plasma concentration of IgG is at least 10 mg/mL by 24 h of age in 
the calf (Bovine Alliance on Management and Nutrition, 1995; Jaster, 2004).  A study conducted 
with male Holstein calves found that calves fed 4 L of high quality colostrum directly after 
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calving and 2 L at 12 hours after calving had significantly higher mean serum IgG concentrations 
than calves that were only given 2 L at the same feeding times (Morin et al., 1997). 
 
MILK REPLACER 
Protein Sources in MR 
 The composition of MR varies depending on the desired weight gain and length of time 
before weaning.  Two important components of milk replacer are protein (usually18 to 30%) and 
fat (usually 15 to 22%), with each making up a significant percentage of the total DM of MR. 
Greater feed conversion and increased average weight gain have been found in calves fed high 
fat (29.3 %) versus calves fed low fat (3.0 %) MR, with low fat-fed calves having a higher 
incidence of intestinal upset as displayed through diarrhea and increased glucose excretion in 
urine (Wijayasinghe et al., 1984).  
Protein sources in the DM of MR can be classified as all-milk (including dried whey, 
whey protein concentrate, casein, sodium caseinate, or skim milk) or as alternative protein 
sources (including wheat gluten, wheat protein, soy protein concentrate or isolate, soy flour, or 
animal plasma, among others). The MR using alternative proteins often include varying amounts 
of crude fiber, protein, fat, vitamins, minerals, and, in some cases, medications (Bovine Alliance 
on Management and Nutrition, 1995). In earlier MR studies, proper curd formation was 
determined to be beneficial for abomasal digestion and nutrient absorption to satisfy growth 
performance markers when MR containing dried skim milk (DSM) was fed, due to the presence 
of casein (Longenbach and Heinrichs, 1998).  However, other studies have found that prevention 
of curd formation did not decrease calf performance and digestion (Cruywagen and Horn-Quass, 
1991) and, therefore, might not be a key defining factor in proper protein digestion (Drackley, 
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2008). Although DSM was the preferred protein source in MR for many years (Davis and 
Drackley, 1998), whey protein concentrate (WPC) has since been shown to have a higher 
bioavailability and adequate EAA profile, which, along with lower price, makes it a better choice 
than DSM (McDonough and Womack, 1976; Davis and Drackley, 1998; Lammers et al., 1998).   
Alternative protein sources, such as soy proteins, do not contain enough of the limiting 
EAA, such as Met, relative to milk proteins to make their quality comparable to that of a milk 
protein-based MR.  To determine if supplementation of limiting amino acids (AA) could 
potentially increase the protein quality of soy proteins, Kanjanapruthipong (1998) fed MR 
containing soy protein without or with added Thr, Met, and Lys to six male Holstein crossbred 
calves.  Cannula samples to measure ileal digestibility of AA indicated that calves fed AA-
supplemented MR had significantly greater AA and DM digestion than those calves that were 
not given the AA (Kanjanapruthipong, 1998).  A series of four studies was conducted by Hill et 
al. (2008) to estimate the AA requirements of Lys, Met, and Thr of calves younger than 5 wk of 
age.  Average daily gain (ADG) showed a 7 to 17% increase for calves supplemented with Lys 
and Met in the first three studies; however, no ADG increase was detected when Thr was 
supplemented with Lys and Met in the fourth study (Hill et al. 2008).  
Blood plasma protein from animals has been used in MR as a non-dairy source of protein 
to reduce the cost of MR and to utilize an alternative protein source as the human demand for 
milk proteins increases (Quigley and Bernard, 1996).  Spray-dried porcine or bovine PP has been 
used in MR containing WPC. By utilizing this processing method to make PP, calves are also 
exposed to immunoglobulins (about 20% of PP) in the form of active proteins. This can help 
provide local immune protection in the gut that might help compensate for potential deficiencies 
in their initial IgG consumption from colostrum (Quigley et al., 2003).  Improved performance 
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was demonstrated in a study conducted by Morrill et al. (1995) when utilizing PP versus all-milk 
protein MR. Jones et al. (2004) looked at PP inclusion in MR and its effect on IgG status, health, 
and growth of calves starting with either maternal colostrum or a colostrum replacer. Although 
PP was determined to be a suitable source of protein, there was no additional growth or 
immunity enhancement as a result of its inclusion in the MR. Another study conducted by 
Quigley et al. (2000) determined that, although similar results for calf performance or health 
were observed when including red blood cells (RBC) in comparison to whey protein, there were 
no detrimental effects observed with up to 43% CP inclusion of RBC. 
More recent studies have been conducted regarding the effects of PP use in MR, 
particularly when paired with AA supplementation.  Vasquez et al. (2017) tested varying 
percentages of whey protein replacement with bovine PP (0, 33, 66, and 100%) in MR without or 
with Ile supplementation. Calves fed the MR with 100% PP plus Ile supplementation had 
reduced ADG, but calves fed the MR with 33% whey protein replacement by PP had ADG 
similar to control calves.  Morrison et al. (2017) took this study a step further and included the 
supplementation of both Ile and Thr in MR containing 0, 5, and 10% of the formula as PP as a 
replacement for whey protein.  Without AA supplementation in the highest PP group, calves 
displayed the lowest ADG and feed efficiency.  Unlike the previous study, however, the 
inclusion of Ile and Thr supplementation decreased the occurrence of scours more in the MR 
containing the higher percentage of PP versus the lower.    
Wheat is another alternative protein source that has been utilized in MR to offset the need 
for whey protein. Wheat is one of the most popular alternate proteins in MR, along with soy 
protein concentrates. The solubility, mixing ability, and usability by the calf are all satisfactory 
as a lower-cost substitute for milk protein, providing that the wheat protein has been 
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enzymatically or chemically hydrolyzed (Drackley, 2008).  Holstein bull calves fed MR with 
varying inclusion of soluble wheat gluten (0, 30, and 50% of the total protein in 20% CP MR, or 
0 and 33% of the total protein in 18% CP MR) had no significant difference in BW gains 
compared with all-milk controls (Terui et al., 1996). A similar study with wheat gluten was 
conducted to determine its digestibility, AA composition, and immunoreactive antigenic proteins 
in comparison to potato proteins and dried skim milk.  Both the wheat gluten and potato proteins 
had decreased apparent digestibility versus the control, but the true digestibility of wheat gluten 
was higher than the potato protein (Branco-Pardal et al., 1995).  Wheat protein and whey protein 
MR digestibility have also been compared in relation to their abomasal emptying rates.  
Although calves fed the wheat protein MR had much quicker emptying rates versus calves fed 
whey protein, there was no significant differences in calf performance and weight gain.  It was 
speculated that calves fed the wheat protein MR would have a higher potential of scouring due to 
the increased abomasal emptying rate (Wittek et al., 2015). Another study conducted by Ziegler 
et al. (2016) used pasteurized waste milk (PWM) as a base (67%) for all-milk and alternative 
protein (soy protein, wheat protein, hydrolyzed vegetable protein, and autolyzed yeast) MR 
additions.  Increased ADG was observed for calves fed PWM and PWM/all-milk versus other 
treatments with wheat protein inclusion, however there were no difference in post weaning ADG 
for all treatments (Ziegler et al., 2016). 
Supplementation of AA has also been tested in MR containing wheat proteins.  Ortigues-
Marty et al. (2003) conducted a study that showed veal calves fed solubilized wheat protein 
supplemented with Lys and Thr did not show significant differences in live or carcass weight 
relative to calves fed a commercial MR of spray-dried skim milk and whey products.  
Differences in MR intake were marginal among the three treatments (Ortigues-Marty et al., 
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2003). Castro et al. (2016) compared the effects of supplementation of Lys and Met in MR with 
hydrolyzed wheat protein (4.5% DM inclusion; 50% whey replacement) and an all-milk protein 
MR supplemented with Met. Growth performance for calves fed hydrolyzed wheat protein was 
similar to that of the calves fed all-milk MR (Castro et al., 2016). This is an indication that wheat 
protein can successfully replace a portion of the whey proteins with no adverse effects as long as 
the proper AA supplementation is included. 
Very few studies have been published regarding the combination of modified wheat and 
PP in the same MR, although several abstracts have been published.  Sandoval (2014) conducted 
a study comparing differences in growth and grain intake for a 20% CP, 20% fat, all-milk MR 
and a 20% CP, 20% fat, alternative protein MR containing soy, plasma, and wheat isolates (exact 
percentages of each were not provided) after being fed waste milk two times daily for the first 30 
d of life.  Calves fed the alternative protein MR gained more weight after weaning than calves 
fed the all-milk MR; however, overall calf weights and grain intake were similar for all 
treatments.   It was concluded that the alternative protein source was an adequate substitute for 
all-milk proteins in the MR (Sandoval, 2014).  Four treatments, with varying combinations of 
wheat, plasma, and soy protein concentrate substitution (50%) for all-milk protein, were used to 
determine their effects on pre- and post-weaning performance and health in calves.  Fecal scores 
and scouring occurrences were higher for calves fed the control (whey protein) MR than for all 
treatments with alternative protein supplementation; otherwise, results for all other growth 
parameters were similar to the all-milk MR (Ziegler et al., 2014). Thornsberry et al. (2015) 
compared effects of two medicated MR treatments containing all-milk protein or milk, 
hydrolyzed wheat gluten, and PP (9%, 5%, and 8%, respectively).  The ADG were lower for 
calves fed the alternative protein MR for the first 42 d, but no difference in ADG was detected 
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when including data for d 43 to 56.  Starter intake was not significantly different between 
treatments. Decreased scours occurrence and fecal scores for calves fed the alternative protein 
MR suggested that the combination of wheat and PP might aid in protein digestion and better 
health of the calf (Thornsberry et al., 2015). A follow-up study was conducted by Chester-Jones 
et al. (2016) that included 5 treatments (all-milk MR and two sources of wheat protein with or 
without the inclusion of PP) to determine health and calf performance.  No significant 
differences in scouring occurrence and calf starter consumption were observed among 
treatments, making the supplementation of wheat and plasma for whey protein a feasible option 
for a more economical MR (Chester-Jones et al., 2016). A similar result for ADG and other 
growth parameters was detected for calves fed three treatments with differing percentages of 
wheat and PP inclusion, with treatments having 11% milk, 5% wheat, and 8 % PP inclusion 
resulting in greater heart girth gains than other treatments.  Use of wheat and PP at a higher CP 
content would be a cost neutral choice as a substitute for all-milk MR (Froehlich et al., 2015).  
Milk Replacer – Feeding Frequency 
There have been several studies investigating the proper volume and feeding frequency of 
milk or MR for pre-weaning dairy calves.  Early studies conflicted on whether increasing feeding 
frequency above 2X would lead to increased feed utilization and live-weight gain (Gibson, 1981; 
Williams et al., 1986).  One small study found that regardless of whether calves consumed 2 L or 
6.8 L of whole milk in a single feeding, the abomasum would distend to accommodate that 
volume without causing milk to overflow into the rumen, which could cause a disturbance of the 
natural microbiome (Ellingsen et al., 2015).  Another study found that calves being given MR 
once versus 2X did not have detrimental effects on overall glucose metabolism or performance 
of those calves.  However, calves in that study fed only once daily had higher insulin 
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concentrations and lower acute insulin responses (Stanley et al., 2002).  Strzetelski et al. (2001) 
looked at feeding frequencies of one, 2X, and 3X at either limited feeding or feeding to appetite 
of a MR containing dried skim milk, whey, buttermilk, and processed soy proteins.  Calves fed 
limited MR two and three times daily and calves fed to appetite three times daily had higher 
weight gains and lower starter consumption than calves fed once daily. Compensatory growth for 
all treatments resulted in high daily gains for all calves after weaning (Strzetelski et al., 2001).   
Feeding frequency (1, 2, or 4 times daily) and feeding level (1.5x or 2.5x ME requirements for 
maintenance) were tested in a study using only whey protein in MR to establish effects on heavy 
calves with consideration to protein and energy metabolism.  It was determined that as the 
feeding frequency increased, the utilization of energy and digestible proteins also increased (Van 
Den Borne et al., 2006).  Another study, conducted by Thomas et al. (2014), found no effect of 
feeding frequency on scours occurrence or growth parameters, with calves being fed one, 2X, or 
3X. 
Regardless of frequency, increases in MR as calves grow should be completed in a 
stepwise fashion so as to not cause a dramatic shift in the calf’s digestion, which could increase 
the incidence of scouring and diarrhea, and decrease desire to further consume MR.  There are 
studies that suggest the same for decreasing MR as weaning approaches; step-wise decreases of 
MR allow for greater rumen development by the calf as they increase starter intake (Khan et al., 
2007a, b).  Calves fed 8 L of MR, at either 2X or 4X daily, were weaned using a gradual step-
down method starting on wk 7 (decreasing 1 L/d) and ending on wk 8 (0 L) (MacPherson et al., 
2016).  Both frequencies were determined to be viable feeding methods based on their insulin 




SUMMARY AND THESIS OBJECTIVES 
While wheat and PP have been utilized in MR in previous studies, there is still a need to 
establish their influence on the growth and health of dairy calves when fed in higher quantities, 
or as they replace a larger portion of the whey component.  The success of this replacement 
might be affected by feeding frequency. Therefore, the objectives of this experiment were to 
determine the effects of feeding frequency of two or three times daily, and protein sources of all-
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CHAPTER 2. THE EFFECT OF FEEDING FREQUENCY AND ALTERNATIVE 
PROTEINS IN MILK REPLACER ON GROWING DAIRY CALVES 
 
INTRODUCTION 
 In the United States, dairy calves in the pre-weaning period typically are fed milk or milk 
replacer (MR) consisting of 18 to 30% crude protein (CP) and 10 to 28% crude fat (Bovine 
Alliance on Management and Nutrition, 1995).  Alternative protein sources in MR have been a 
topic of research for many years as prices of whey protein, the main component in MR, have 
increased along with the human consumption of whey proteins.  Researchers have also taken an 
interest in determining the optimum number of feedings daily to improve efficiency and obtain 
the desired growth and development of calves. 
 Modified wheat protein has been identified as a non-milk protein source in MR that 
yields a similar response in growth to MR containing primarily whey protein (Ortigues-Marty et 
al., 2003). Spray-dried bovine and porcine plasma protein (PP) also have been used for many 
years in MR.  Spray-dried plasma and serum proteins in MR diets for pre-weaning calves have 
resulted in greater body weight (BW) gain in the pre-weaning phase and less occurrence of 
scours compared with calves fed control diets (Quigley et al, 2002).   
 Frequency of feeding MR to calves has been a topic of research, with varying results.  
Results of a study conducted on Holstein and Jersey calves showed that calves fed once daily had 
lower acute insulin response and higher non-esterified fatty acids (NEFA) than calves fed two 
times daily (Stanley et al., 2002).  Another study (Kmicikewycz et al., 2013) looked at feeding 
MR two or four times daily and found no significant difference in Holstein and Holstein–cross 
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calves being fed either conventional or accelerated MR containing only whey proteins.  Among 
the trials looking at feeding frequency, three times daily feeding was not a common practice. 
 The objective of this experiment was to determine the effects of MR formulation and 
feeding frequency on calf growth, development, and health. Specifically, I compared feeding 
either a control (all-milk) MR or a MR in which a portion of the whey protein was replaced by a 
combination of modified wheat protein plus bovine PP, with each MR being fed either two or 
three times daily.   
 
MATERIALS AND METHODS 
Animals and Treatments  
 One-hundred and three Holstein dairy calves, 59 male and 44 female, from the University 
of Illinois Dairy Research and Teaching Unit were used in a complete, randomized block design. 
Calves were blocked by calving date and within blocks were assigned randomly to one of four 
treatment groups.  Calves were added to the trial as they were born.  All procedures were 
approved by the University of Illinois Institutional Animal Care and Use Committee (protocol 
#14160-C). The first calf was born on December 11, 2014 and the last calf completed the trial 
January 24, 2016. On average 15 males and 11 females were assigned to each of the four 
treatments. 
 The four treatments represented a 2 × 2 factorial arrangement of MR formula (all milk 
protein or wheat plus PP) and number of daily feedings (2X or 3X). After colostrum feeding, all 
calves were fed 2X 0.26 kg (2.07 L) of a standard commercial MR (Excelerate, Milk Specialties 
Global, Eden Prairie, MN) for the first 4 feedings (2 d). Beginning on d 3, calves were fed 0.52 
kg of MR DM daily from 3 to 10 d of age, 0.68 kg/d from 11 to 20 d of age, 0.84 kg/d from 21 to 
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42 d, and 0.42 kg/d on d 43 to 45, 47, 49, and 51. The daily amount of MR was divided into two 
(2X) or three (3X) equal feedings daily. Beginning at d 43, calves were fed once daily 0.42 kg of 
MR in the morning until d 45 and then 0.42 kg of MR every other day (d 47, 49, and 51) until 
weaning at 52 d of age. All MR were reconstituted to 12.5% solids. 
 The standard MR fed during the first 2 d after colostrum (Excelerate, Milk Specialties 
Global) was an all-milk protein formula containing 28% CP and 15% fat. The all-milk protein 
control (CON) MR was based on whey protein concentrate, delactosed whey, and dried whey. 
The wheat-bovine PP (WBP) formula had about 44% of the whey protein replaced by a 50:50 
combination of modified (enzymatically-altered) wheat protein (Tereos Starch and Sweeteners, 
Aalst, Belgium) and bovine PP (NutraPro B, APC Inc., Ankeny, IA). The two MR were 
formulated to contain 25% CP and 17% fat. Both MR were formulated to provide a Lys: Met 
ratio of 3.1:1 by the addition of DL-Met to both MR and, for the WBP MR, by addition of L-Lys 
(HCL). The formulated concentrations of nutrients are shown in Table 1. All MR used in this 
trial were manufactured by Milk Specialties Global Animal Nutrition (Eden Prairie, MN). 
Colostrum Collection and Analysis 
 Colostrum was collected from dams for the first two milkings postpartum.  The colostrum 
was weighed, IgG concentration was estimated using a colostrometer in a graduated cylinder, 
and a sample was obtained and stored in a 10-mL Falcon tube.  Colostrum from a dam in excess 
of the calf’s needs was labeled by date and treatment of dam, and stored in a 2-L bottle at -20°C 
for later use.  If a future dam did not produce enough colostrum for her calf, then frozen 
colostrum from a cow on the same treatment was thawed and utilized.  All colostrum samples 
were stored at -20°C until analyzed.  Samples of first colostrum were analyzed for IgG at Prairie 
Diagnostics Co. (Saskatoon, Canada). 
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Post-Calving Housing and Management 
 All calves were removed from their dams as soon as possible after birth to help ensure 
that no unmeasured colostrum was consumed. Calves were weighed, measured, and placed in a 
temporary fenced enclosure inside the calf barn.  Once first colostrum had been acquired from 
the dam, the calf was bottle-fed 3.64 L regardless of the IgG concentration.  A subsequent 
feeding of second-milking colostrum was administered after it was weighed and tested for IgG 
concentration as with the first colostrum.  This second feeding ranged from 0.91 L to 1.82 L, 
depending on the dam’s second colostrum weight and each calf’s individual appetite.  All 
colostrum was collected on site and was fed within 24 h of calving.  Calves remained in the 
temporary fenced enclosure until d 3 to ensure that they could drink from the MR nipple buckets 
prior to moving into an individual hutch.  Calves were weaned at 52 d of age, but remained in 
individual calf hutches until d 63.  They then were moved to group housing with the other calves 
from the farm not on experiment. Housing consisting of two super hutches, free-stalls inside an 
adjacent barn, and a small fenced pasture.  Individual intakes were not monitored during the 
group feeding phase.  Water was available to all calves at all times. 
Calf Feeding and Management 
All treatment MR were mixed immediately prior to each feeding time.  Calves fed twice 
daily were fed at 0630 h and 1830 h; calves fed three times daily were fed at 0400 h, 1130 h, and 
1830 h to coincide with current farm MR feeding practices.  At the assigned feeding times, 
nipple buckets were used to feed calves with volume of the appropriate feeding frequency and 
MR (control or treatment) being determined by calf age.  All MR were mixed by hand using 
either a wire whisk or an electric drill with a mixing attachment in large buckets, with the mixing 
utensils being cleaned between each treatment.  All water and final MR solution were measured 
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using a hanging scale, while the MR solids were measured on a top-loading balance. For proper 
mixing of the MR, tap water with a measured temperature between 40°C and 44°C was used.   
All feeding equipment (nipple buckets, mixing buckets, and mixing utensils) was cleaned at the 
conclusion of each feeding time with a detergent solution and bleach cleaning solution, rinsed, 
and hung to dry prior to next feeding.  
 From d 1, all calves were offered a pelleted calf starter (Ampli-Calf Str 20P R50; Purina 
Animal Nutrition, Arden Hills, MN) for ad libitum intake and had free-choice water available.  
Starter feed measurements and monitoring ceased after calves were moved to group housing on d 
63.  
Health  
 Health checks were made daily for all calves 0 to 9 wk of age.  Fecal scores were 
assigned on a 1 to 4 scale (scores > 2 = scours): 1 = firm, well formed; 2 = soft, pudding-like; 3 = 
runny, pancake batter; 4 = liquid, splatters. Respiratory scores were assigned on a 1 to 5 scale: 1 
= normal; 2 = runny nose; 3 = heavy breathing; 4 = moist cough; 5 = dry cough (Osorio et al., 
2011).  Attitude scores were assigned on a 1 to 4 scale: 1 = normal and alert; 2 = slow to drink 
MR and/or appeared mildly depressed; 3 = moderately depressed, slow to drink, and/or required 
encouragement to get up; 4 = severely depressed paired with unwillingness to get up or drink 
MR (Glosson, 2014).  Rectal temperatures were measured daily from d 1 to 21 and whenever a 
calf displayed signs of illness throughout the duration of the trial.  Navels of calves were dipped 
in povidone iodine after birth and for the next 2 d after birth as needed until dry.  Calves were 
given Diaque (Boehringer Ingelheim; Ingelheim am Rhein, Germany) to help treat coccidiosis 
and dehydration as needed.  Calves 1 to 21 d of age were given DECCOX (Zoetis; Madison, NJ) 
mixed into their MR to prevent coccidiosis.  Calves were vaccinated following standard 
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procedures of the facility.  Male calves were castrated at approximately 7 d of age, with actual 
age determined by veterinary personnel.  
Blood Collection and Analysis 
Blood samples were collected at 0, 24, 48 h, and 5, 14, 28, and 42 d after birth.  Samples 
for the first 5 d were collected after the morning feedings, while those at d 14, 28, and 42 were 
collected before the evening feeding.  All blood samples were collected in 10-mL Vacutainer® 
tubes (Becton Dickinson; Hanover Park, IL) with conventional stoppers, for serum separation, 
plasma separation, and whole blood, with whole blood samples only being collected at d 5.  
Blood was allowed to clot in the serum separation tubes. All tubes were centrifuged at 1300 × g 
for 20 min.  Serum or plasma was divided into aliquots in polypropylene tubes and stored at -
20°C until analyzed. 
Serum samples were analyzed for total protein, albumin, urea N, glucose, and beta-
hydroxybutyric acid (BHBA) at the University of Illinois Veterinary Medicine Diagnostics 
Laboratory (Urbana, IL) using automated enzymatic analyses.  Serum samples at 24 h were 
analyzed for IgG at Prairie Diagnostics (Saskatoon, Canada). 
Feed Sample Collection and Analysis 
Milk replacer and grain samples were collected weekly and stored at -20°C.  Samples 
were composited monthly for each treatment and analyzed by Dairy One (Ithaca, NY) for 
concentrations of DM, CP, fat, ash, Ca, P, Mg, K, Na, Fe, Zn, Cu, Mn, Mo, and S by standard 
wet chemistry methods, with lignin and Cl also being analyzed for only the grain samples 





Body Growth and Measurements 
Body weight was measured shortly after birth and thereafter on the same day each week 
until wk 8 (d 56), after which point calves were not measured again until wk 12 (~ d 84).     
Other measurements starting at wk 1 and made at the same times as BW were body length, heart 
girth, withers height, hip height, and hip width.  Body weight and growth measurements were 
obtained at 0900 h on Sundays for each calf regardless of birth date.   
Statistical Analysis 
 All data were analyzed using models in SAS v 9.4 (SAS Inst. Inc., Car, NC).  All data 
were examined for homogeneity of variance and normality assumptions by using PROC 
UNIVARIATE to obtain Shapiro-Wilk and residual plot values. Growth and intake 
measurements were analyzed using mixed models in PROC MIXED.  Models for data measured 
over time (e.g., intakes, BW and body measurements, and blood components) contained effects 
of birth BW and day of age as covariates, block, sex, MR type, feeding frequency, and week, 
including all interactions. Sex and its interactions with treatments and time were removed from 
the model if not significant (P > 0.05). Degrees of freedom were estimated using the Kenward-
Roger method.  Several covariance structures were tested for each model, and the one showing 
the best fit according to Akaike’s Information Criterion was retained in the analysis. Calves were 
blocked by date of birth and dam’s treatment, and block was included as a random effect. 
Treatment factors (frequency, MR type [i.e., diet], and their interaction) were fixed effects. 
Repeated measures (i.e., MR and starter DMI) were analyzed separately for wk 1 to 4 (the period 
of maximal MR intake) and wk 5 to 8 (the period immediately before to immediately after 
weaning). Least square means and standard errors were calculated and are presented. 




 Intakes  
Ingredient composition and component analysis of the MR is listed in Table 1.1 and 1.2.  
Both treatment MR contained 25% CP, as formulated. 
 Measurements for birth BW, colostrum intakes, and serum IgG concentrations for calves 
assigned to each treatment are separated by sex in Table 1.3.  None of the main effects or 
interactions were significant for either sex. Female calves assigned randomly to CON tended (P 
= 0.09) to be heavier at birth (+3.0 kg) than females assigned to WBP. Because this difference 
was negated by using birth BW as a covariate in subsequent analyses, these measurements 
indicate that subsequent treatment responses should not have been affected by initial 
characteristics of the calves.  
Overall MR intake for wk 1 to 8 are shown in Table 1.4. For MR intake, there were small 
but significant differences due to diet, frequency, week, and their interactions for DM and CP in 
both wk 1 to 4 and wk 5 to 8 analysis for all treatments.  During wk 1 to 4, calves that were fed 
WBP consumed less DM (663 g/d) on average than calves that were fed CON (667 g/d). This 
difference was directly related to lower CP consumption of calves fed WBP versus CON (175.1 
and 178.l g/d, respectively). When considering frequency for the same timeframe (wk 1 to 4) 2X 
had a higher consumption than 3X of both DM (667 g/d and 663 g/d, respectively) and CP 
(177.1 g/d and 176.1 g/d, respectively).  For wk 5 to 8, calves fed WBP had lower DM 
consumption (549 g/d) when compared to CON (551g/d), which also was directly related to the 
lower CP consumption by calves fed WBP versus CON (145.1 and 147.0 g/d, respectively). 
Similar to wk 1 to 4 results, for wk 5 to 8 calves fed 2X had a greater consumption than 3X for 
both DM (551 g/d and 549 g/d, respectively) and CP (146.3 g/d and 145.8 g/d, respectively).   
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Intake of starter for wk 1 to 4 and wk 5 to 9 is shown in Table 1.4.  Calves fed WBP consumed 
more (P = 0.03) starter DM, 179 g/d, than calves fed CON.  This in turn resulted in an increase 
(42.8 g/d) in CP consumed for WBP calves versus CON calves (P = 0.03).  
Milk replacer DMI for wk 1 to 4 is shown in Figure 1.1. There were differences (P < 
0.0001) due to frequency, diet, week, and their interactions for all treatments.  Calves fed WBP 
3X had the lowest overall consumption of DM of all the treatments, with calves being fed 2X for 
both diets having the highest DMI. Milk replacer CP intake for wk 1 to 4 is shown in Figure 1.2. 
There were differences (P < 0.001) due to frequency, diet, week, and their interactions for all 
treatments.  Similar to Figure 1.1, calves fed WBP 3X had the lowest overall CP intake of all the 
treatments, with calves being fed two times daily for both diets having the highest DMI.  
Milk replacer DM intake for wk 5 to 8 showed differences (P < 0.0001) due to frequency, 
diet, week, and their interactions for all treatments.  However, there was little numerical 
difference in MR intake for wk 6, 7, and 8 between treatments. Milk replacer CP intake for wk 5 
to 8 is shown in Figure 1.3. There were differences (P < 0.0001) due to frequency, diet, week, 
and their interactions for all treatments.  Similar to the MR DM for this time frame, there was no 
numerical difference in MR intake for wk 7 and 8 between treatments.  
Starter intake for wk 1 to 9 (d 1 to d 63) is shown in Figure 1.4.    Calves fed CON had 
lower DM intakes than those fed WBP (P = 0.03), particularly in wk 7, 8, and 9. 
Growth 
 Mean BW (initial, wk 4, wk 8, and wk 12), feed efficiency for wk 1 to 8 (d 1 to d 56), 
and ADG for wk 1 to 12 (d 1 to ~ d 84) are presented in Table 1.5. Week 12 BW was greater for 
calves fed WBP (P = 0.02), who weighed 4.6 kg more than calves fed CON.  The ADG from 
birth to wk 4 showed a difference for both frequency (P = 0.02), with 2X feeding having a higher 
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ADG than calves fed 3X, and its interaction with diet (P = 0.01).  All other ADG measurements 
were not significantly different in diet, frequency, or their interaction; however, the ADG from 
birth to wk 12 tended (P = 0.08) to be greater for WBP, gaining 0.05 kg/d more than CON.  For 
feed efficiency, there was a difference for frequency (P = 0.01) and its interaction with diet (P = 
0.01).  Calves fed 2X had a 0.05 unit increase in gain: feed ratio than calves fed 3X.  
Growth measurements for wk 1 to 8 are also presented in Table 1.5.  The initial BW and 
day of age (covariates) were significant for all growth measurements, with the exception of hip 
width only having a tendency for the day of age covariate. Body length was 1.78 cm longer for 
calves fed MR 2X than for calves fed MR 3X (P = 0.01). A significant difference also was 
observed for hip width in relation to the frequency by diet interaction.  Calves fed WBP3X had 
greater hip width (25.3 cm) than calves fed CON3X, WBP2X, or CON2X (24.9 cm, 24.9 cm, 
and 25.1 cm, respectively).    Hip width analysis for wk 1 to 8 indicated a significant interaction 
of diet x frequency x week (P = 0.04).  The addition of wk 12 data showed that the hip width 
treatment interaction was still significant (P = 0.04).  Calves fed WBP3X had wider hips than all 
other treatments overall.  This is particularly evident in wk 12 with WBP3X calves having an 
average hip width of 29.3 cm, while CON2X, CON3X, and WBP2X had measurements 0. to 1.0 
cm less (28.3 cm, 28.3 cm, and 28.6 cm, respectively). All other growth measurements (withers 
height, hip height, and heart girth) were unaffected by diet, frequency, or their interaction.   
Feed efficiency for wk 1 to 8 is presented in Figure 1.5.  Frequency was determined to be 
significant, with calves fed 2X having a greater gain: feed (P = 0.006) than calves fed 3X (0.32 
and 0.27 kg/kg, respectively), with the exception of wk 6 and 8.  Although diet was not 
determined to be significant, its interaction with frequency was (P = 0.01).  Calves fed CON3X 
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had the lowest gain: feed ratio (0.26 kg/kg), while calves fed CON2X had the highest (0.34 
kg/kg). 
Mean BW for wk 1 to 12 is presented in Figure 6.  The initial BW (covariate) was 
significant (P < 0.0001) for all treatments.  Calves fed two times daily tended (P = 0.08) to have 
a greater BW than calves fed three times daily.  There was also a tendency (P = 0.08) for a 
frequency by diet interaction, with CON2X having an average BW of 63.9 kg, while CON3X, 
WBP2X, and WBP3X had BW 0.9 to 2.3 kg less (61.6 kg, 63.0 kg, and 63.0 kg respectively). 
Blood Metabolites and Passive Transfer  
  Overall concentrations of total protein, urea N, total globulin, glucose, albumin, and 
BHBA from serum sampled at d 14, 28, and 42 are in Table 1.6.  There were no interactions 
between frequency and diet for any of variables (P > 0.10).  However, there were significant 
differences in serum urea N for diet and in glucose for frequency. Urea N (P = 0.01) 
concentration was lower for WBP calves than for CON calves.  Glucose concentrations (P = 
0.02) were lower for 2X calves than for 3X calves.  
The mean total protein concentrations in serum sampled at d 14, 28, and 42 and their 
interaction with feeding frequency are in Figure 1.7.  The interaction of frequency and day was 
determined to be significant, with calves fed 2X having higher total protein levels (5.80 g/dL) 
than calves fed 3X (5.58 g/dL). 
The mean albumin concentrations in serum sampled at d 14, 28, and 42 and their 
interaction with feeding frequency are in Figure 1.8.  The interaction of frequency and day was 
determined to be significant, with calves fed 2X having initially higher albumin levels (2.74 
g/dL) than calves fed 3X (2.68 g/dL) sampled at d 14.  However, by the d 28 sampling, calves 
fed 3X had higher albumin levels (2.97 g/dL) than calves fed 2X (2.89 g/dL).  
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 Passive transfer was determined using PROC FREQ for calf serum. Out of the 96 serum 
samples successfully analyzed for IgG content, only one calf was determined to not have had 
successful passive transfer (i.e., serum IgG < 10mg/mL).  We also measured IgG concentration 
in samples of the colostrum fed to each calf. Out of 92 colostrum samples, there were 6 that were 
considered to be below the IgG concentration to help passive transfer to occur (i.e., colostrum 
IgG < 50 mg/mL). 
Health 
Results of a logistic model of fecal scores in relation to the occurrence of scours (score 
>2) for each treatment and their interactions are provided in Table 1.7.  In the first 21 d, scours 
occurrence was higher for calves fed CON versus WBP overall.  A trend was also noted for 
calves fed 3X to have a greater incidence of scours versus those fed 2X.  Cumulative days of 
scours were not different (P > 0.1) among treatments. 
 Respiratory and attitude score during the first 21 d did not differ (P > 0.1) among 
treatments.  However, body temperature of calves was significant for frequency, week, and their 
interaction with diet (P = 0.029, P = 0.028, and P =0.005, respectively).  Calves fed 2X had more 
variation in their temperature outside the normal range (38 to 40oC) than those fed 3X.  All 
weeks (1 to 3) were significant for both frequencies.  The logistic model for temperature and the 
occurrence of temperatures out of normal range for each treatment and their interactions are 
provided in Table 1.8. 
 
DISCUSSION 
The current trial was conducted to evaluate the response of calves being fed either an all-
milk control MR or a MR containing a modified wheat and bovine PP blend replacing 0.44 of the 
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whey protein (each MR 25% CP) fed at a frequency of two meals or three meals daily.  Through 
this study, overall calf performance and growth were largely similar between MR diets.  With 
whey protein being a more expensive (Gould, 2017) protein ingredient than wheat and plasma, 
this allows for substitution of whey protein with the same, if not better, calf performance results 
for lower cost. 
Although calves fed WBP consumed the lowest amount of MR (DM and CP) because of 
increased refusals, calves fed WBP consumed more starter than calves fed CON, especially in 
wk 7, 8, and 9. This increased starter intake might be attributed to those calves having greater 
rumen development than their CON fed counterparts (Khan et al., 2007 a, b). However, further 
research would need to be conducted as other studies with the inclusion of wheat and PP in MR 
did not see a difference in starter intake when compared to calves fed all-milk MR (Ziegler et al., 
2014; Thornsberry et al., 2015; Chester-Jones et al., 2016).  All body measurements were 
determined to have no significant differences, with the exceptions of body length being longer 
for 2X versus 3X calves, and hip width being wider for WBP3X calves versus all other 
treatments.  These results are interesting as no other research studies have shown significant 
differences in these growth parameters; heart girth is usually the noted difference between 
treatments.   
Calves in the current study were also determined to have significant differences in their 
feed efficiency due to frequency, especially in the earlier weeks of life (wk 1 to 4).  However, 
means for feed efficiency were similar for wk 6, 7, and 8 for both frequencies, which means that 
feeding 2X might show initial growth benefits, but 3X feeding will end up with very similar 
growth results in the long run with a steadier growth curve throughout their maturation.  These 
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results are similar to previous feeding frequency studies (Stanley 2002; Thomas et al., 2014; 
MacPherson et al., 2016).   
Although there were no significant differences in ADG, there tended to be a greater ADG 
for calves fed WBP versus CON. This can most likely be attributed to the increased starter intake 
for the WBP, as stated above. According to a study conducted by Ahmed et. al (2002), increased 
feeding frequency of MR could potentially be effective in preventing abomasal ulceration in pre-
weaning calves.  This was determined by the observed abomasal luminal pH being greater for 
calves fed three, four, or eight times daily MR compared to those fed twice daily.  However 
further research would need to be conducted to conclude if 3X feeding of MR with alternative 
protein sources would yield a similar effect as this was not tested in the current study. 
Calves fed WBP had a lower probability of scouring than calves fed CON.  This was also 
observed in a study conducted by Quigley and Wolfe (2003) when comparing PP MR to all-milk 
control MR for scour results.  This might mean that the inclusion of PP in the WBP MR was key 
in decreasing the occurrence of scours and counteracted the speculations that wheat protein 
components would tend to increase scouring (Wittek et al., 2015). Our results were similar to 
some (Thornsberry et al., 2015) but differed from others (Chester-Jones et al., 2016) with the 
combination of wheat and PP; a decrease to no difference in scouring occurrence with or without 









 Previous research has documented improvements in feed efficiency, BW gain, and 
reduced scouring occurrence when calves were fed MR containing PP.  Calves fed wheat gluten 
also were reported to have the same, if not higher, BW gains as calves fed a control MR.   
However, this is one of the first studies that attempts to address both the combination of the two 
alternative proteins in one MR and differences in feeding frequency.  Overall, results of this 
study showed that feeding modified wheat plus PP appeared to result in similar BW gain during 
the pre-weaning period and increased BW in the post-weaning period compared with an all-milk 
MR, with this being particularly notable at wk 12 for calves previously fed wheat plus  bovine 
PP three times daily.  Modified wheat plus PP seemed to have positive effects on health events, 
specifically decreasing instances of scours, while increased feeding frequency resulted in an 
increase of scouring.  The combined alternative protein sources appear to promote growth and 
health similar or better than an all-milk MR, potentially leading to better overall future 
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TABLES AND FIGURES 
Table 1.1. Ingredients and formulated chemical composition of experimental milk replacers fed 
to dairy calves. 
  Diet
1 
Component CON WBP 
Ingredients 
  
   Dried whey 34.23 32.98 
   Delactosed whey 20.00 20.00 
   Whey protein concentrate 17.46 3.51 
   Protein encapsulated fat 26.08 27.99 
   Lecithin 0.40 0.40 
   Dicalcium phosphate 0.28 --- 
   Limestone 0.016 0.342 
   Minerals, vitamins, flavor  1.27 1.27 
   DL-Methionine 0.26 0.37 
   Modified wheat protein2  --- 6.10 
   Bovine plasma protein3 --- 6.33 
   L-Lysine (HCL) --- 0.71 
Nutrients 
  
   CP, % 25.00 25.00 
   Crude fat, %  17.00 17.00 
   Crude fiber, % --- 0.08 
   Gross energy, Mcal/kg  4.73 4.69 
   Lactose, %  43.02 42.07 
   Protein from non-milk, %  0.15 10.95 
   Ca, % 1.06 1.06 
   P, % 0.77 0.77 
   Vitamin A, KIU/kg 47.83 47.70 
   Vitamin D3, KIU/kg 16.65 16.65 
   Vitamin E, IU/kg 317.8 317.8 
   Lysine, % 2.34 2.34 
   Methionine, % 0.76 0.76 
   Isoleucine, %  1.52 1.23 
   Threonine, % 1.73 1.43 
   Histidine, % 0.42 0.54 
   Leucine, %  2.60 2.34 
   Valine, % 1.44 1.35 
   Phenylalanine, %  0.82 1.03 
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Table 1.1. (cont.)   
   Tryptophan, %  1.73 1.43 
   Arginine, % 1.28 1.12 
   Cystine, % 0.63 0.54 
   Tyrosine, % 0.70 0.78 
1 CON = all-milk protein control; WBP = whey plus modified wheat protein and bovine plasma 
protein. Milk replacers manufactured by Milk Specialties Global, Eden Prairie, MN.   
2 Tereos Starch and Sweeteners, Aalst, Belgium.  





Table 1.2. Chemical analysis of experimental milk replacers and starter fed to dairy calves 
(mean ± SD). 
  Diet
1  
Component CON WBP Starter 
Composite samples, n 13 13 13 
   DM% 96.14 ± 0.51 95.94 ± 0.51 88.68 ± 0.74 
   CP, % of DM 26.68 ± 0.15 26.42 ± 0.51 23.96 ± 0.54 
   Soluble protein, % of CP 97.85 ± 0.38 92.27 ± 0.47 20.31 ± 2.98 
   Crude fat, % of DM 17.15 ± 0.42 17.89 ± 0.39 3.79 ± 0.74 
   Ash, % of DM 8.95 ± 0.06 9.21 ± 0.24 7.75 ± 0.34 
   Ca, % of DM 1.06 ± 0.01 1.05 ± 0.03 1.10 ± 0.11 
   P, % of DM 0.75 ± 0.008 0.73 ± 0.02 0.57 ± 0.02 
   Mg, % of DM 0.16 ± 0.07 0.13 ± 0.005 0.28 ± 0.02 
   K, % of DM 2.00 ± 0.02 1.93 ± 0.08 1.42 ± 0.05 
   Na, % of DM 0.77 ± 0.01 0.86 ± 0.04 0.50 ± 0.04 
   S, % of DM 0.45 ± 0.009 0.43 ± 0.01 0.33 ± 0.02 
   Fe, ppm 82.23 ± 28.08 70.55 ± 10.82 172.85 ± 18.40 
   Zn, ppm 77.46 ± 20.37 74.82 ± 9.88 129.92 ± 29.07 
   Cu, ppm 4 ± 3.21 7 ± 4.75 26.54 ± 6.58 
   Mn, ppm 37.30 ± 6.47 41.27 ± 5.18 91.38 ± 15.81 
   Mo, ppm 1.01 ± 0.10 0.75 ± 0.10 1.55 ± 0.15 
 
1 CON = All-milk control milk replacer; WBP = milk replacer containing whey protein plus 





Table 1.3. Colostrum intake, serum IgG concentration at 24h of age, and initial body weight 





Variable CON2X WBP2X CON3X WBP3X Diet Freq 
Female               
   N 11 11 11 11 --- --- --- 
   Colostrum intake, L 3.22 3.16 2.81 3.11 0.18 0.52 0.21 
   Serum IgG, g/L2 32.11 36.82 34.06 34.98 3.50 0.43 0.99 
   Initial BW,4 kg  42.7 39.8 44.0 40.8 1.77 0.09 0.52 
Male 
       
   N 15 15 15 14 --- --- --- 
   Colostrum intake, L 3.32 3.09 3.14 2.89 0.16 0.14 0.25 
   Serum IgG, g/L2 33.44 36.31 33.59 35.86 3.84 0.51 0.97 
   Initial BW,4 kg  43.4 45.5 43.7 45.1 1.28 0.19 0.98 
1 2XCON= all-milk control fed two times daily; 2XWBP= whey plus modified wheat protein 
and bovine plasma protein fed two times daily; 3XCON= all-milk control fed three times daily; 
3XWBP= whey plus modified wheat protein and bovine plasma protein fed three times daily. 
2 The diet x frequency interaction was not significant (P > 0.05) for any variable.
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Table 1.4. Intakes of dry matter (DM) and crude protein (CP) by dairy calves fed experimental milk replacers and starter. 





Variable CON WBP 2X 3X Diet Freq 
Colostrum intake, L 3.15 3.06 0.04 3.21 3.00 0.08 0.46 0.09 
Milk replacer (MR) intake2         
  Wk 1 to 4         
       Avg. DM, g/d 667 663 0.001 667 663 0.001 <0.0001 0.0001 
       Avg. CP, g/d 178.1 175.1 0.0002 177.1 176.1 0.0002 0.0002 <0.0001 
  Wk 5 to 8 
        
      Avg. DM, g/d 551 549 0.0003 551 549 0.0003 <0.0001 <0.0001 

















      Avg. DM, g/d 162.3 162.4 0.01 165.8 158.9 0.01 1.00 0.70 
      Avg. CP, g/d 38.88 38.90 0.003 39.72 38.06 0.003 1.00 0.70 
  Wk 5 to 9 
        
      Avg. DM, g/d 1531 1710 0.06 1633 1608 0.06 0.03 0.77 
      Avg. CP, g/d 366.9 409.7 0.01 391.3 385.3 0.01 0.03 0.77 
1 CON= all-milk control; WBP= whey plus modified wheat protein and bovine plasma protein.   
2 2X= two times daily feeding; 3X= three times daily feeding.  
3 The diet x frequency interaction was significant (P < 0.0001) for both wk 1 to 4 and wk 5 to 8 for DM and CP.  All other interactions 
were determined to be non-significant (P > 0.05). 
4 Values for d 1 to 4 were excluded, as colostrum and a baseline MR were fed during this time period. 
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Table 1.5. Body weight and growth measurements of dairy calves fed experimental milk replacers and starter from birth to wk 8 





Variable CON WBP 2X 3X Diet Freq 
Initial BW4, kg 43.5 42.9 0.668 43.0 43.5 0.675 0.51 0.58 
Wk 4 BW, kg 54.0 53.9 0.446 54.6 53.3 0.449 0.89 0.04 
Wk 8 BW, kg 76.4 78.0 1.072 77.1 77.4 1.067 0.27 0.85 
Wk 12 BW, kg 97.6 102.2 1.323 100.0 99.8 1.322 0.02 0.93 
ADG, kg/d, birth to wk 4 0.39 0.37 0.017 0.41 0.35 0.017 0.53 0.02 
ADG, kg/d, birth to wk 8 0.59 0.62 0.017 0.60 0.60 0.017 0.25 0.89 
ADG, kg/d, birth to wk 12 0.65 0.70 0.018 0.68 0.67 0.018 0.08 0.78 
ADG, kg/d, wk 8 to wk 12 0.82 0.86 0.035 0.83 0.84 0.035 0.32 0.76 
Gain: feed, kg/kg, birth to wk 8 0.30 0.29 0.011 0.32 0.27 0.011 0.55 0.01 
Measurements at wk 8                 
   Withers height, cm 84.02 84.19 0.241 84.30 83.91 0.240 0.62 0.26 
   Hip height, cm 88.19 88.27 0.234 88.48 87.98 0.234 0.80 0.13 
   Body length, cm 124.53 124.56 0.462 125.42 123.76 0.461 0.85 0.01 
   Heart girth, cm 20.38 20.44 0.234 20.33 20.50 0.233 0.86 0.62 
   Hip width, cm 25.02 25.12 0.100 25.04 25.10 0.100 0.48 0.65 
1 CON= all-milk control; WBP= whey plus modified wheat protein and bovine plasma protein. 
2 2X= two times daily feeding; 3X= three times daily feeding. 
3 The diet x frequency interaction was significant for wk 4 BW (P = 0.04), ADG from birth to wk 4 (P = 0.01), G: F (P = 0.01), and 
hip width (P = 0.04). 
4 First measurement after birth before first colostrum feeding. 
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Table 1.6. Overall concentrations of total protein, urea N, albumin, glucose, globulin, and BHBA in serum samples taken on d 14, 28, 
and 42 for dairy calves fed experimental milk replacers 














Freq x day 
Total protein, g/dL 5.80 5.75 0.07 5.82 5.74 0.07 0.55 0.58 0.80 < 0.0001 0.99 0.05 0.57 
               
Urea N, mg/dL 9.74 9.12 0.26 9.57 9.29 0.26 0.01 0.26 0.66 < 0.0001 0.62 0.36 0.26 
               
Total globulin, g/dL 2.95 2.86 0.06 2.93 2.88 0.06 0.33 0.70 0.79 < 0.0001 0.90 0.21 0.72 
               
Glucose, mg/mL 105.40 107.38 1.51 104.36 108.42 1.51 0.25 0.02 0.29 < 0.0001 0.80 0.16 0.87 
               
Albumin, g/dL 2.92 2.90 0.03 2.90 2.92 0.03 0.54 0.80 0.82 < 0.0001 0.99 0.01 0.36 
               
BHBA, mmol/L 0.11 0.12 0.01 0.12 0.11 0.01 0.88 0.72 0.68 < 0.0001 0.45 0.67 0.21 
               
1 CON= all-milk control; WBP= whey plus modified wheat protein and bovine plasma protein. 
2 2X= two times daily feeding; 3X= three times daily feeding.  
3 The frequency x day interaction was significant for total protein (P= 0.05) and albumin (P= 0.01); the diet x day, diet x frequency, 
and diet x frequency x day interactions were not significant (P > 0.05) 
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Table 1.7. Logistic model for scours occurrence by comparison of sex, experimental milk replacers, and frequency of feeding for 
dairy calves 
Variable Comparison Coefficient SEM Odds ratio 95% CI P  
Scours occurrence1 (d 1-21)             
  CON-WBP 0.21 0.09 1.09 1.04, 1.47 0.02 
  WBP3X-WBP2X 0.22 0.13 1.13 0.98, 1.60 0.08 
  CON3X-WBP3X 0.37 0.13 1.14 1.13, 1.86 0.004 
  M-F -0.21 0.09 1.09 0.68, 0.96 0.02 
  2XM-2XF -0.62 0.13 1.13 0.42, 0.69 < 0.0001 
  3XF-2XF -0.40 0.13 1.14 0.52, 0.88 0.003 
  3XF-2XM 0.22 0.13 1.14 0.75, 1.60 0.08 
  3XM-2XM 0.41 0.12 1.13 1.20, 1.90 0.001 
  CONF-WBPF 0.42 0.13 1.14 1.17, 1.99 0.002 
  CONF-WBPM 0.42 0.13 1.13 1.19, 1.96 0.001 
  CONM-CONF -0.42 0.13 1.13 0.51, 0.84 0.001 
1 Scours occurrence= fecal score > 2 on a 1-4 scale; CON = all-milk control; WBP = whey plus modified wheat protein and bovine 
plasma protein; 2X = two times daily; 3X = three times daily; F = female; M= male. 
2The odds ratio (OR) indicates the probability of having scours for the first milk replacer (MR) diet in comparison to the second MR 
diet, with sex included as needed. If the OR is > 1, the first MR diet in the comparison is more likely to have scours or to be medicated 
than the second MR diet by a factor of the difference above 1.  If the OR is < 1, the first MR diet has a lower probability of occurrence 
than the second MR diet.  
3All other comparisons were not significant (P > 0.10).
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Table 1.8. Logistic model for rectal temperature by comparison of experimental milk replacers, 
frequency of feeding, and age for dairy calves 
Variable1 
Comparison3 Coefficient SEM 
Odds 
ratio2 
95% CI P 
Temperature3             
  2X-3X 0.25 0.11 1.28 1.03,1.60 0.03 
  wk1-wk2 0.38 0.14 1.46 1.11, 1.59 0.008 
  WBP2Xwk1-CON2Xwk1 -0.69 0.26 0.50 0.30, 0.83 0.008 
  WBP2Xwk1-WBP3Xwk1 -0.48 0.27 0.62 0.37, 1.05 0.07 
  WBP2Xwk2-CON2Xwk1 -0.55 0.25 0.58 0.36, 0.94 0.03 
  WBP2Xwk2-WBP3Xwk2 0.55 0.30 1.72 0.96, 3.10 0.07 
  WBP2Xwk3-CON2Xwk1 -0.57 0.25 0.57 0.35, 0.93 0.02 
  WBP2Xwk3-WBP3Xwk2 0.52 0.30 1.69 0.94, 3.04 0.08 
  CON2Xwk1-CON2Xwk2 0.78 0.26 2.18 1.32, 3.61 0.003 
  CON2Xwk1-WBP3Xwk2 1.09 0.28 2.98 1.70, 5.20 0.0001 
  CON2Xwk1-WBP3Xwk3 0.69 0.26 1.99 1.20, 3.30 0.008 
  CON2Xwk1-CON3Xwk1 0.84 0.27 2.31 1.37, 3.92 0.002 
  CON2Xwk1-CON3Xwk2 0.82 0.27 2.28 1.35, 3.83 0.002 
  CON2Xwk1-CON3Xwk3 0.75 0.26 2.12 1.27, 3.56 0.004 
  CON2Xwk2-WBP3Xwk1 -0.57 0.27 0.57 0.34, 0.95 0.03 
  CON2Xwk3-WBP3Xwk2 0.76 0.29 2.13 1.21, 3.77 0.009 
  CON2Xwk3-CON3Xwk1 0.51 0.27 1.66 0.97, 2.85 0.07 
  CON2Xwk3-CON3Xwk2 0.49 0.27 1.63 0.96, 2.78 0.07 
  WBP3Xwk1-WBP3Xwk2 0.88 0.29 2.42 1.36, 4.28 0.003 
  WBP3Xwk1-CON3Xwk1 0.63 0.28 1.88 1.09, 3.23 0.02 
  WBP3Xwk1-CON3Xwk2 0.61 0.27 1.85 1.08, 3.16 0.03 
  WBP3Xwk1-CON3Xwk3 0.54 0.27 1.72 1.01, 2.93 0.05 
1CON = all-milk control; WBP = whey plus modified wheat protein and bovine plasma protein; 
2X = two times daily; 3X = three times daily; F = female; M= male. 
2The odds ratio (OR) indicates the probability of having an elevated temperature for the first 
milk replacer (MR) diet in comparison to the second MR diet. If the OR is > 1, the second MR 
diet in the comparison is more likely to have an elevated temperature (≥ 40oC) than the first MR 
diet by a factor of the difference above 1.  If the OR is < 1, the second MR diet has a lower 
probability of occurrence than the first MR diet. 
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Table 1.8. (cont)  




Figure 1.1. Milk replacer DM intake (g/d) by dairy calves fed experimental milk replacers containing all-milk proteins (CON) or 




Figure 1.2. Milk replacer CP intake (g/d) by dairy calves fed experimental milk replacers containing all-milk proteins (CON) or whey 




Figure 1.3. Milk replacer CP intake (g/d) by dairy calves fed experimental milk replacers containing all-milk proteins (CON) or whey 




Figure 1.4. Starter DM intake (g/d) by dairy calves fed experimental milk replacers containing all-milk proteins (CON) or whey plus 







Figure 1.5. Efficiency (Gain: Feed) of dairy calves fed experimental milk replacers containing all-milk proteins (CON) or whey plus 




Figure 1.6. Body weight (kg) of dairy calves fed experimental milk replacers containing all-milk proteins (CON) or whey plus 




Figure 1.7. Serum total protein (g/dL) of dairy calves fed experimental milk replacers containing all-milk proteins (CON) or whey 




Figure 1.8. Serum albumin (g/dL) of dairy calves fed experimental milk replacers containing all-milk proteins (CON) or whey plus 
modified wheat and plasma protein (WBP) at two frequencies (2X and 3X). 
